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1. Introduction
Pollinators are critical to the survival of many species, including humans. For
example, pollinators are responsible for over 90% of the sexual reproduction of
plant species (Aizen et al. 2009), thus closely linking the production of human food
to the survival of pollinators. In spite of their critical importance, many pollinators
continue to be severely impacted by anthropogenic disturbance, including habitat
loss (Pleasants et al. 2017), food supply challenges (Flockhart et al. 2015; Pleasants
et al. 2017), severe weather (Flockhart et al. 2015), pesticides (Oberhauser et al.
2006; Olaya-Arenas and Kaplan 2019; Olaya-Arenas et al. 2020), invasive species
(Baker and Potter 2020), and regional overwintering and breeding ground
alterations (Belsky and Joshi 2018; Brower et al. 2002; Espeset et al. 2016).
The monarch butterfly (Danaus plexippus) is a well-known migratory
pollinator that has two major, genetically indistinct subpopulations that span the
North American continent (Lyons et al. 2012; Zhan et al. 2014). While much
attention has been given to the Eastern monarch and its epic migration to Central
Mexico, less is known about the Western monarch (Danaus plexippus plexippus).
This Western subpopulation mostly overwinters at multiple sites along California
coastal regions although a small number have been found to cross into Central
Mexico. In the spring, Western monarchs migrate as far north as southwestern
Canada to areas from the Rockies to the Pacific, where they breed throughout the
spring and summer. In the fall, the monarchs return to the overwintering grounds
(Pelton et al. 2019).
While Eastern and Western monarch population numbers appear to be
fluctuating independently, both are in sharp decline (Espeset et al. 2016). It is
estimated that the Western monarch butterfly has dropped by as much as 99% since
1980 (Dilts et al. 2019; Pelton et al. 2019). One of the main causes responsible for
the decline of monarchs is the growing scarcity of milkweed (Asclepias spp.) in the
traditional migratory paths and breeding grounds (Thogmartin et al. 2016).
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Figure 1. Western monarch migration paths in Spring (blue) and Fall (red). Overwintering takes
place along the Southern California coast into Baja California. Map adapted from Google Earth
image.

Milkweeds are annuals upon which female monarchs almost exclusively
oviposit and therefore are an important food supply for monarch larvae. In addition,
it has been shown that the larval survival probability decreases as the number of
monarch eggs per milkweed stem increases (Flockhart et al. 2012) Thus, abundance
of milkweed within the breeding habitat may also be important. The primary drivers
of the decline of milkweeds are urbanization (Pleasants et al. 2017), use of herbicide
(Belsky and Joshi 2018; Hartzler 2010; Pleasants and Oberhauser 2013), cultivation
of genetically modified crops (Pleasants and Oberhauser 2013), and introduction of
non-native plant species (Agrawal and Inamine 2018).
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Monarchs are among several orders of specialized insects that employ a
predator defense mechanism through the intake of cardenolide toxin from
milkweed plant tissue. The toxin is sequestered during the larval stage (Agrawal et
al. 2012; Dobler et al. 2011; Malcolm and Brower 1989) but is maintained in tissue
throughout adulthood. In addition to predator defense, cardenolide sequestration
has been shown to protect monarchs from protozoan parasitic infection (Lefèvre et
al. 2012). Despite this protection, caterpillars do not seem to preferentially feed on
milkweed with higher levels of cardenolide (Adams et al. 2021; Lefèvre et al.
2012). However, cardenolide concentration does appear to influence oviposition,
with monarchs selecting low or intermediate levels of cardenolide depending on the
milkweed species (Agrawal et al. 2021; Van Hook and Zalucki 1991; Zalucki et al.
1990). The optimal milkweed cardenolide concentration for monarch fitness is
unknown. Nevertheless, this knowledge may be critical to saving the Western
monarch from extinction.
There are dozens of milkweed species across the U.S., and many studies have
been conducted on those from the Midwestern and Eastern U.S. However, few
studies have investigated milkweed species from the Pacific Northwest (PNW),
including best practices for reestablishment and growth. Narrow leaf (A.
fascicularis) and showy (A. speciosa) are two common milkweed species in the
PNW (USDA 2014a; 2014b). Both species are thought to grow best in full sun, but
their tolerance to shade is unknown (Calscape 2010a; 2010b). Also unknown is the
impact of plant species diversity on growth of narrow leaf and showy milkweed,
although it has been shown to be beneficial for productivity and growth of other
plant species (Tilman et al. 1997).
We examined the effects of species diversity and shade on the growth and
cardenolide content of narrow leaf and showy milkweed. We hypothesize that: 1)
increased plant species diversity would positively affect milkweed growth, 2) high
levels of shade would negatively affect milkweed growth, and 3) cardenolide
content would increase under conditions of increased growth.
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2. Methods
A total of 246 milkweed plants (Humble Roots Farm and Nursery LLC, Mosier
OR) were grown outdoors over three consecutive summers during the experimental
period of 2019-2021, of which 169 (68.7%) survived to harvest. Each growing
season was 10-12 weeks. A similar number of narrow leaf and showy milkweed
seedlings were planted each April in wooden planters on the University of
Portland’s Franz River Campus, Portland, OR. Each planter was 1.0 m2 in area and
was filled with 8 cm of Super Grow topsoil blend (Best Buy Landscape Supply,
Hillsboro OR). Within each planter, nine plants were placed equidistant from each
other. All containers were hand watered similarly, receiving 6-8L of water once or
twice weekly depending on weather.
The effect of plant diversity, specifically species richness (SR), on milkweed
growth and cardenolide content was examined by growing milkweed alone (SR1),
or with two other native species (SR3). The native species selected for the SR3
experimental group were slender cinqfoil (Potentilla gracilis) and yarrow (Achillea
millefolium), which are both common wildflowers in the PNW.
All SR1 and SR3 containers were additionally categorized as low, medium or
high shade depending on the amount of shade provided by the natural vegetation
over the course of the day. The low shade (0-20% shade) group consisted of plants
that were grown as recommended (Calscape 2010a; 2010b) in full to mostly sunny
conditions. Milkweeds that were exposed to sun a majority of the day were placed
in the medium shade category (21-50% shade). Those milkweed plants that were in
the shade more than half of the day were counted in the high shade category (5180% shade).
2.1 Species Richness and Shade Analysis
Milkweed growth was assessed with five measurements: plant height, leaf number,
leaf area, above ground (AG) biomass and below ground (BG) biomass. Three of the
five measurements (height, leaf number, leaf area) were modified to average rate of
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change since seedlings were of different sizes when planted. The average rate of
change was calculated as final minus initial measurement, divided by number of
weeks in the growing season ([final-initial measurement]/weeks in growing season).
Final and initial leaf areas were determined by averaging the lengths and widths of
the 3 largest leaves then multiplying by a conversion factor to account for leaf shape
(Shi et al. 2019). AG and BG biomass were measured for each milkweed plant after
separating the stems and leaves from the roots and drying the plant material for 2
days at 100º C.
2.2 Cardenolide Analysis
Cardenolide extraction and analysis was adapted from a previous study (Rafter et
al. 2017) and was carried out separately for AG and BG portions of each plant.
Briefly, dried plant tissue was ground using a Wiley Mini Mill Set (Thomas
Scientific, Swedesboro, NJ). Cardenolide was extracted by placing 0.100 g of
ground material into a microcentrifuge tube with 1 mL of 95% ethanol. After
samples were vortexed for 5 seconds, they were refrigerated at 2° C for 2 days and
vortexed twice daily. On day 3, samples were centrifuged at 9500 rpm for 15
minutes and 120 µL of the supernatant was pipetted into new 0.5 mL
microcentrifuge tubes. A solution of 0.035 g digitoxin (Sigma-Aldrich, St. Louis,
MO) and 50 mL of 95% ethanol was prepared and used to create a standard curve
of eight different dilutions. From each of the eight dilutions, 120 µL was placed
into a separate 0.5 mL microcentrifuge tube. A control tube with 120 µL of water
was also prepared. A 2% solution of 3,5-dinitrobenzoic acid (120 µL) was added
to all tubes (samples, standard curve, and control), which were then vortexed and
centrifuged for 5 seconds each. Two 95 µL samples from each tube were pipetted
into two adjacent wells on a 96-well microplate (Greiner Bio-One, Frickenhausen,
Germany). Lastly, 100 µL of NaOH was added to each well and after 7 minutes the
absorbance was read at 540 nm on a plate reader.
Statistical analysis was conducted using T-tests, ANOVAs and Tukey’s HSD
test for pairwise comparisons. Statistical significance was set at α = 0.05.
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3. Results
3.1 Species Richness
Three of the five growth measurements increased significantly with increased
species richness. For SR1 and SR3 respectively, the average change in height was
0.97 cm and 1.18 cm (Fig. 2: p = 0.034) and the average change in leaf area was
0.19 cm2 and 0.30 cm2 (Fig. 3: p = 0.036). The difference in AG biomass was also
significantly greater for SR3 compared to SR1 milkweeds (1.881 g vs 1.187 g, Fig.
4: p = 0.043).
There were no significant differences in the average change in number of
leaves, BG biomass, or AG or BG cardenolide measure between SR1 and SR3 (p
> 0.094 for all).

*

Average Change in Height
(cm/week)

1.4
1.2
1
0.8
0.6
0.4

0.2
0
SR 1

SR 3
Species Richness

Figure 2. A comparison of average change in height in milkweeds grown alone (SR1) and with
two other native species (SR3). SR3 milkweeds grew significantly more than SR1 milkweeds (p =
0.034).
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Average Change in Leaf Area
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Figure 3. The average change in leaf area in milkweeds grown alone (SR1) and with two other

Average Above Ground Mass
(g)

native species (SR3). Change in leaf area was significantly greater in the SR3 milkweeds (p = 0.036).

*

2.5
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1.5
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0
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SR 3
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Figure 4. A comparison of AG biomass in milkweeds grown alone (SR1) and with two other
native species (SR3). Biomass was significantly greater in the SR3 milkweeds (p = 0.043).
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3.2 Shade
Shade level affected three out of five growth measurements, plus AG and BG
cardenolide concentration. Average change in leaf number in medium shade (4.87
leaves) was not significantly different from plants grown in low shade (3.54).
However, plants grown in high shade (2.15) were significantly lower than the
medium shade group, Fig. 5: p = 0.001). AG and BG biomass also showed highest
growth at medium levels of shade. AG biomass averaged 3.11 g for medium shade,
followed by 0.575 g and 0.532 g for low and high shade (Fig. 6: p = 5.22 x 10-10).
Average BG biomass was 2.063 g for medium shade, followed by 1.285 g and 1.082
g for high and low shade (Fig. 6: p = 0.003). There was no difference in either
average change of height or average leaf area among shade groups (p > 0.250) for
both.

a

Average Change in # Leaves

6
5

ab

4
b

3
2
1
0
0-20

21-50
Shade (%)

50-100

Figure 5. The average change in number of leaves in milkweeds grown in low shade (0-20%),
medium shade (21-50%), and high shade (50-100%). Leaf number increased significantly more in
milkweeds grown in medium shade compared to high shade but did not differ from low shade
milkweeds. The low and high shade treatments did not differ from each other (p=0.001).
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AG mass
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Figure 6. Average AG and BG biomass in milkweeds grown in low shade (0-20%), medium shade
(21-50%), and high shade (50-100%). Both AG and BG biomass were significantly higher in
milkweeds grown in medium shade compared to low and high shade milkweeds, which were not
different from one another (AG biomass: p = 5.22 x 10-10, BG biomass: p = 0.003).

Similarly, average AG cardenolide concentration in the medium shade group
(0.095 g/mL) was not significantly different from the low shade group (0.049
g/mL). However, AG cardenolide was significantly higher in medium shade plants
than in high shade plants (0.044 g/mL, Fig. 7: p = 0.020). Average BG cardenolide
concentration decreased as shade increased, ranging from 0.042 g/mL for low
shade, 0.031 g/mL for medium shade, and 0.014 g/mL for high shade (Fig. 7: p =
3.704 x 10-12).
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AG Cardenolide

a

0.12
Average Cardenolide
Concentration (g/ml)

BG Cardenolide

0.1
0.08

ab

b
a

0.06

b

0.04

c

0.02
0
0-20

21-50
Shade (%)

50-100

Figure 7. A comparison of average cardenolide concentration in milkweeds grown in low shade
(0-20%), medium shade (21-50%), and high shade (50-100%). Average AG cardenolide
concentration was significantly greater in medium shade milkweeds than those in high shade, but
no different from milkweeds grown in low shade (p = 0,020). Average BG cardenolide concentration
decreased significantly from low to medium to high shade milkweeds (p = 3.704 x 10 -12).

4. Discussion
Our results partially support our hypothesis that increased plant biodiversity
(species richness) would positively affect milkweed growth. Plant height, leaf area,
and AG biomass increased significantly when milkweed was grown with two other
species compared to milkweed grown alone (Figs 2-4). However, increased species
richness had no effect on the change in number of leaves and BG biomass.
Mathematical models predict that plant productivity increases with increased
species diversity, but the type of species was also shown to be important (Tilman
et al. 1997). We examined two levels of species richness, milkweed grown alone or
with two other species (slender cinqfoil and yarrow). Future studies examining
additional species alone and together are needed to understand the role of species
diversity on narrow leaf and showy milkweed productivity.

https://digitalcommons.unl.edu/rurals/vol15/iss1/3

10

Silva et al.: Parameters Affecting Milkweed Growth and Cardenolide Concentration

Partial support was also found for the hypothesis that high levels of shade would
negatively affect milkweed growth. AG biomass and BG biomass were greatest for
those plants grown in moderate levels of shade as opposed to high shade (Figs 5
and 6). However, none of these growth measures differed between high and low
levels of shade (Figs 5 and 6). Together, our results suggest that narrow leaf and
showy milkweeds tolerate, and even benefit from, moderate levels of shade.
However, the unusually warm summer of 2021 with numerous days over 100° F
(WeatherSpark) may have favored milkweed protected by moderate shade, thus
skewing the data.
Results were mixed for the hypothesis that cardenolide content of milkweed
tissue would increase under conditions of increased growth. Plants in the higher
diversity group were shown to have significantly increased growth in three out of
the five outcome variables. However, there was no difference in either AG or BG
cardenolide concentration between lower and higher species richness. Milkweed
grown in moderate shade levels demonstrated significantly greater growth in two
out of the five outcome variables (AG and BG biomass) compared to low and high
shade milkweed, and moderate shade milkweed also had a greater change in
number of leaves compared to high shade milkweed. However, milkweed grown in
moderate shade produced an AG cardenolide concentration that was statistically
higher only compared to the high shade group (Fig. 7). BG cardenolide was found
to be greater in plants grown in low shade conditions, milkweed that otherwise did
not demonstrate increased growth (Fig. 7).
A limitation of this study was that the experiment was conducted outdoors
under conditions that could not be fully controlled. Unseasonably warm weather
during the study period resulted in the demise of over 30% of the milkweed
specimens, which might have been prevented or decreased in a greenhouse or
indoor setting. Oxidative stress due to drought and heat may be a significant factor
in the physiologic and biochemical aspects of plant growth and development
(Bahmani et al. 2018; Cingoz and Gurel 2016). Similar studies on narrow leaf and
showy milkweed would be useful to elucidate the conditions under which AG and
BG cardenolide production is affected. Some planters with milkweed alone (SR1)
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gained a second species during the growing season due to unintentional seed
dispersal, but the experimental groups were classified and labeled as they were
originally intended to grow.
Our findings suggest that showy and narrow leaf milkweed can grow under
more diverse conditions than previously known. Cultivation of native milkweed in
the PNW may be successful even in areas with moderate shade. In addition, AG
cardenolide content, important for monarch defense and health, was also greatest
in the plants grown in moderate shade compared to high shade.
A plentiful annual milkweed crop is essential for monarch survival, but it has
continued to decline due to multiple factors. Reversing the quasi-extinction status
of the Western monarch butterflies requires re-establishing milkweed habitat
rapidly and effectively. Evaluating factors that optimize milkweed growth will aid
in restoration efforts, thus improving the probability of survival of this highly
imperiled species.
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